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Abstract 
Space radiation was monitored using the R3DR2 spectrometer-dosimeter during the flight 

outside the Russian “Zvezda” module of ISS in October-November 2014. The instrument was 

mounted on the ESA EXPOSE-R2 platform. The R3DR2 instrument was first developed and used 

during the flight of ESA EXPOSE-R platform in 2009-2010 (Dachev et al, 2015a). It is a low mass, 

small dimension automated device that measures solar visible and ultraviolet (UV) radiation in four 

channels and ionizing radiation in 256 channels of a Liulin-type energy deposition spectrometer 

(Dachev et al, 2002). Ionizing radiation was measured and separated in 256 deposited energy 

spectra, which were further used for determination of the absorbed dose rate and flux. The main 

results obtained by the R3DR2 instrument are: (1) three different radiation sources were detected and 

quantified - galactic cosmic rays (GCR), energetic protons from the inner radiation belt (IRB) in the 

region of the South Atlantic anomaly and energetic electrons from the outer radiation belt (ORB); (2) 

for the first time in the history of using of the Liulin-type energy deposition spectrometers (Dachev et 

al, 2015b) an observable flux from solar energetic particles (SEP) was detected in the period 1-4 

November 2014; (3) the obtained SEP energy deposition spectra were compared with other spectra to 

confirm their shape. 
 

 

Introduction 

This paper analyses the results for the space radiation environment outside 

the Russian “Zvezda” module of ISS generated by different radiation sources 

including: Galactic Cosmic Rays (GCR), Inner Radiation Belt (IRB) trapped 

protons in the region of the South Atlantic Anomaly (SAA) and Outer Radiation 

Belt (ORB) relativistic electrons. Low intensity Solar energetic particles (SEP) 

were observed in the 1-2 November time interval. In addition, there is secondary 

radiation produced in the shielding materials of the ESA EXPOSE-R2 platform and 

Russian “Zvezda” module. Dose characteristics in the R3DR2 instrument also 

depend on many other variables such as the ISS orbit parameters, solar cycle phase 

and current helio- and geophysical activity. In this study the orbital parameters 

were calculated by the software KADR-2 (Galperin et al., 1980). More 

comprehensive information for the ISS radiation environment was published in the 

recently overview by Dachev et al. (2015b). 
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Materials and methods 

R3DR2 instrument description 
In order to determine and quantify the radiation field outside the ISS, in the 

ESA EXPOSE-E/R platform, a radiation environment spectrometer-dosimeters 

R3DE/R was developed through collaboration of the Bulgarian and German teams 

(Streb et al., 2002; Häder and Dachev 2003; Häder et al., 2009). The teams worked 

successfully during the ESA EXPOSE-E/R missions in 2008-2009 and 2009-2010 

time periods, respectively. The currently used R3DR2 spectrometer-dosimeter on 

the ISS is in fact the same instrument which was flown in 2009-2010 in the 

EXPOSE-R facility but here it is named with the extension R2 only for purposes to 

distinguish between the data from the different EXPOSE-R(1) and EXPOSE-R2 

missions.  

The R3DR2 is a Liulin-type instrument which was successfully flown: 1) 

In the USA Laboratory module of the ISS in May-August 1991 (Reitz et al., 2005; 

Dachev et al., 2002; Nealy et al., 2007; Wilson et a.l, 2007; Slaba et al., 2011, 

Badavi, 2014); 2) Inside ESA Biopan-5/6 facilities on Foton M2/M3 satellites in 

2005/2007 (Häder et al., 2009; Damasso et al., 2009); 3) Inside the ESA EXPOSE-

E/R facilities outside the Columbus/Zvezda modules of the ISS in 2008-2010 

(Dachev et al., 2012a; Dachev et al., 2015a).  

The scientific objectives of the RDR2 spectrometer-dosimeter exposure 

were: first connected with the quantification of the global distribution and time 

dynamics of the radiation fields, generated by different radiation sources outside 

the ISS; the second purpose is the dosimetric support for other passive scientific 

experiments, related to astrobiology (Rabbow et al., 2015), which were housed 

 
Fig. 1. External view of R3DER instrument (in the red square) as mounted in the 

EXPOSE-R2 facility. (Picture taken by Russian cosmonaut Aleksandr Samokutyaev on 22 

October 2014 during EVA-2 for mounting of EXPOSE-R2 facility outside Russian 

“Zvezda” module. (Picture credit of ESA/NASA/RKA) 
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inside the EXPOSE-R2 facility. For all of these experiments the knowledge of the 

history of solar and ionizing radiation and the total obtained doses is highly 

important for the interpretation of the data collected during the mission.  

Figure 1 presents the external view of the R3DR2 instrument as mounted 

in the EXPOSE-R2 facility. The R3DR2 instrument is a low mass, small dimension 

automatic device that measures solar radiation in four channels and ionizing 

radiation in 256 channels of a Liulin-type energy deposition spectrometer (Dachev 

et al., 2015b). The four solar UV and visible radiation photodiodes are seen as 

small circles on the surface in the central part the R3DR instrument. The ionizing 

radiation detector is located behind the aluminum wall of the instrument and is not 

seen in the figure. The aluminum box of R3DR instruments has a size of 

76×76×34 mm and weight of 120 g.  

The cosmic radiation is determined using a semiconductor detector (2 cm2 

area and 0.3 mm thick). A pulse height analysis technique is used to measure the 

deposited energies (doses) in the detector. Charge pulses generated in the detector 

are preamplified and then passed to the discriminator. The amplitudes of the pulses 

are detected and converted into digital signals by a 12 bit analog to digital 

converter (ADC), which are subsequently sorted into a 256 channels spectrum 

according to their amplitudes by a multi-channel analyzer (MCA). One energy 

deposition spectrum is accumulated over 10 s. The 256th energy channel stores all 

pulses with amplitudes higher than the sensitivity range (19.5 mV–5.0 V) of the 

detector, which corresponds to the energy deposition range (0.081-20.83 MeV). 

The dose D [Gy] by definition is one Joule deposited in 1 kg of matter. We 

calculate the absorbed dose in the silicon of the detector by dividing the 

summarized energy deposition in the spectrum in Joules by the mass of the detector 

in kilograms.  
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where MD is the mass of the detector in kilograms (kg), ki is the number of pulses 

in channel “i”, Ai is the amplitude in Volts (V) of pulses in channel “i”, i.ki.Ai is the 

deposited energy (energy loss) in Joules (J) in channel “i” and K is a coefficient. 

Incoming space radiation sources are characterized using the methods described by 

Dachev (2009).  

Instrument calibrations 

The R3DR2 instruments were calibrated in a wide range of radiation fields. 

First, they were irradiated in gamma and neutron (137Cs, 60Co, AmBe and 252Cf) 

isotope sources radiation fields and at the CERN-EC high energy reference field 

(Spurny and Dachev, 2003, Dachev et al., 2002). The absolute values of the dose 

rates obtained from the spectrometer are in very good agreement with the dose 

rates calculated using the EGS4 transport code (http://rcwww.kek.jp/research/egs/). 

The values of the measured doses were found to be within 2.8% of the reference 

http://rcwww.kek.jp/research/egs/
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value for the 137Cs source and within 8% of the 60Co source (Spurny and Dachev, 

2003). The calibrations showed that the spectrometer had high effectiveness with 

respect to gamma rays, which allowed monitoring of the natural background 

radiation. Next, the Liulin type spectrometer was calibrated at the cyclotron at 

Universite Catholique de Louvain, Louvain-la-Neuve, Belgium (Dachev et al., 

2002) and by using proton and heavy ion beams in the National institute for 

radiological sciences (NIRS) Cyclotron facility and the HIMAC heavy ion 

synchrotron facility at NIRS, Chiba, Japan (Uchihori at al., 2002, 2008). All 

calibration results and also the GEANT-4 and PHITS code simulations (Ploc et al., 

2011) revealed very good coincidence between the measured and predicted energy 

deposition spectra and proved the effectiveness of the Liulin spectrometers for the 

purposes of characterization of the space radiation field (Uchihori at al., 2008). A 

recent review paper (Dachev et al. 2015b) gives a comprehensive description of the 

Liulin type spectrometers developed since 1996 and their calibrations and space 

results. 

The DES effectiveness for neutrons depends on their energy, being 

minimal for neutrons with energy of 0.5 MeV and having a maximum of a few 

percent for neutrons with energies of 50 MeV. According to the “neutron-induced 

nuclear counter effect” introduced for the Hamamatsu PIN diodes of type S2744-

08 (Zhang et al., 2011). Almost all DESs used the same type PIN diodes, and 

neutrons could be observed in all channels of the spectrum with a higher 

probability in the first 14 channels. 

The ionizing radiation detector of the R3DR2 instrument was mounted 

about 3 mm below the 1 mm thick aluminium cover plate. Additionally, there was 

a technological shielding of 0.2 mm copper and 0.2 mm plastic material, resulting 

in less than 0.6 g cm-2 total shielding. This allows the measurement of direct hits by 

electrons with energies higher than 1.18 MeV and by protons with energies higher 

than 27.5 MeV (Berger, 2014). 

Data analysis and results 

All data presentation 

The first month (24 October-25 November 2014) of EXPOSE-R2 active 

data collection mission took place in the middle phase of the 24th solar cycle after 

the secondary maximum in 2014 (http://www.swpc.noaa.gov/products/solar-cycle-

progression). One relatively small solar energetic proton (SEP) event was 

measured by the R3DR2 instrument, the maximum of which occurred about 

22:00 h UTC on 3 November 2014 in the GOES 15 “Space Environment Monitor 

(SEM)" (http://goes.gsfc.nasa.gov/text/databook/section05.pdf, 30 MeV channel 

data). No real enhancement in the GOES 15 proton flux with energies above 100 

MeV was observed (ftp://ftp.swpc.noaa.gov/pub/warehouse/2014). The 

geomagnetic field during the period of the ISS flight was at a moderate level with 

two “strong” and one “moderate” (http://www.swpc.noaa.gov/noaa-scales-

explanation) geomagnetic storms on 4, 10 and 16 November 2014. The global 

http://www.swpc.noaa.gov/products/solar-cycle-progression
http://www.swpc.noaa.gov/products/solar-cycle-progression
http://goes.gsfc.nasa.gov/text/databook/section05.pdf
ftp://ftp.swpc.noaa.gov/pub/warehouse/2014
http://www.swpc.noaa.gov/noaa-scales-explanation
http://www.swpc.noaa.gov/noaa-scales-explanation
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geomagnetic storm index Kp (Bartels et al., 1939) reached three noticeable 

maxima: The first with a maximum of Kp=6 in the interval 09:00-12:00 UT on 

4 November 2014; the second maximum with a Kp=7 in the interval 09:00-

12:00 UT on 10 November 2014; a third maximum with a Kp=7 in the interval 

09:00-12:00 UT on 16 November 2014 (ftp://ftp.swpc.noaa.gov/pub/warehouse/ 

2014). 

Radiation sources selection procedures 

The following four expected radiation sources can be detected in the data 

obtained with the R3DR2 instrument: (i) globally distributed GCR particles and 

their secondaries; (ii) protons with more than 27.5 MeV energy in the SAA region 

of the IRB; (iii) relativistic electrons and/or bremsstrahlung with energies above 

1.18 MeV in the high latitudes of the ISS orbit where the ORB is situated; (iv) 

solar energetic protons (SEP) in the high latitudes of the ISS orbit.  

Historically we developed two similar radiation source data selection procedures. 

The simplest method to distinguish between the contribution of the IRB protons 

and the ORB electrons is based on the Heffner formulae (Heffner, 1971; Dachev, 

2009), which uses the dose to flux ratio (D/F) or the specific dose (SD). When the 

SD is less than 1 nGy cm2 particle−1 then the expected predominant type of 

radiation in a 10-s exposition time are electrons in the ORB. When the SD is 

greater than 1 nGy cm2 particle−1, then the predominant source are protons in the 

IRB. GCR source contributes to both SD ranges. For the “BION-M” No1 satellite 

data selection (Dachev et al., 2015c) we extend this procedure adding analysis of 

total magnetic field strength and flux values. The precise differentiation      

 
Fig. 2. Presentation of the all R3DR2 data in magnetic dipole coordinates 
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of the CGR source in the dose rate interval of values between 5 and 30 Gy h−1 

from IRB and ORB source continues to be problematic because even the deposited 

energy spectra are looking very similar.  

For the hourly and daily averaged data of R3DE instrument we developed 

another similar data selection procedure, described comprehensively in Dachev 

et al. (2012a). This procedure was used historically for data selection of the R3DR 

instrument on the EXPOSE-R mission (Dachev et al., 2015a). For the purposes of 

continuity here we will continue to use, for the hourly and daily averaged data 

(column 3 of Table 1), the procedure described by Dachev et al. (2012a), while for 

other average data selections and calculations we use the procedure developed by 

Dachev et al. (2015c). Both procedures are giving very similar averaged results. 

The absorbed dose rates and specific doses obtained by the RDR2 

instrument during the whole monitoring period (from 23 October to 25 November 

2014) are plotted in Fig. 2. The black points against the left axis in the upper part 

of the figure correspond to the observed dose rates in μGy h−1. The specific dose 

(SD) variations calculated from the dose rate to flux ratio in nGy cm2 particle−1 

(Heffner, 1971, Dachev, 2009, Dachev, 2013b) are plotted in red color against the 

right axis in the lower part of the figure. On the horizontal axis we choose the 

geomagnetic dipole latitude (Fraser-Smith, 1987), which, similar to the L value 

(McIlwain, 1961), organizes well the geomagnetic dependent parameters of the 

space radiation but allows understanding the differences in both geomagnetic 

hemispheres. The dark yellow line in the bottom of the Fig. 2 shows the position of 

the SD value equal to 1. 

The heavy, light blue, dashed curve in the center of Fig. 2 is drawn for 

better understanding the contribution of the different radiation sources. The GCR 

source is distributed below the curve, while the IRB trapped protons source in the 

region of the SAA and ORB relativistic electrons source are plotted above the 

curve. Fig. 2 shows the whole dynamics of the observed dose rates over 8 orders of 

magnitude. The smallest GCR dose rate values of about 0.033 Gy h−1 are situated 

close to the geomagnetic equator, while the largest obtained are in the Southern 

Hemisphere ORB region where they reach 10,000 Gy h−1. 

The large maximum situated in the Southern Hemisphere of Fig. 2 

reaching about 2500 Gy h−1 were obtained during the ISS crossings of the SAA 

region where the inner radiation belt, populated with high-energy protons is 

encountered. The IRB comes at the ISS altitudes due to a displacement of the 

magnetic dipole axes from the Earth’s center. The maxima in the high latitude 

regions of both hemispheres are obtained during the crossings of the ORB source. 

Their poleward boundaries are at different latitudes (65°N in the Northern and 

75°S in Southern Hemisphere) because of the asymmetry in the Earth’s magnetic 

field. The poleward boundaries seen as vertical lines are generated in the dipole 

latitude coordinate system when the station reaches its maximal magnetic 

elongation and starts to return back to the magnetic equator.  
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The analysis of the specific dose variations (lower part of Fig. 2) shows the 

following: (i) the specific doses corresponding to the points of the GCR source, 

close to the geomagnetic equator, are distributed in the whole range between 0.187 

and 22 nGy cm2 particle−1. This is explained with the large variations of the dose 

rates being dependent of the deposited energy from the very low amount of 

particles; (ii) at higher latitudes the relative deviation of GCR source is smaller 

with a tendency of all data to be close to 1 nGy cm2 particle−1; (iii) the data 

separated in the pink triangle in the Southern Hemisphere correspond to the South-

Eastern part of the SAA. The calculated SD values there are relatively large, 

reaching values of 7−8 nGy cm2 particle-1. This is explained with relatively low 

proton energies there, which will be further studied in Fig. 8 of this paper; (iv) the 

SD data separated in the green triangle in the region above 65°S dipole latitude 

shows unexpected large SD values between 1 and 5 nGy cm2 particle−1, which 

suggests the existence of a source different from ORB, the SD values of which are 

smaller than 1 nGy cm2 particle−1. We explain this with the observation of proton 

fluxes in the SEP in the 1-2 November time period. An analog green triangle is 

drawn in the dose rate data but because the contamination by ORB dose rates the 

SEP contribution is not clearly seen.  

In Table 1 are summarized the observations for the different radiation 

sources, presented on Fig. 2, and is provided statistics of the measured values. All b 

text refers to the R3DR2 data. The limited amount of bold text (in the third 

column) was obtained during R3DR mission in 2009−2010. Here the R3DR data 

are presented for comparison with the R3DR2 data. The data in column 3 of 

Table 1 are selected using the selecting procedure published in 

(Dachev et al., 2012). The selecting requirements presented in the last 2 columns of 

Table 1 are valid for the selection of all other columns of Table 1.  

The number of measurements, the hourly and daily average, and total 

accumulated dose rates, and fluences are calculated and presented for all data and 

for each of the four major sources. The averaged coordinates: longitude, latitude, L 

value and altitude where the averaged values are obtained, are also presented in 3 

columns. The presented values in the “All data” row of the table cover all data 

collected in the period 23 October − 25 November 2014. 

GCR radiation source data were selected using two requirements: (i) The 

flux values to be less than 7 cm−2 s−1, which cuts the high flux level in the ORB (cf. 

Fig. 2); (ii) The total magnetic field strength to be greater than 0.23 Gauss, which 

cuts the data obtained inside the SAA region (cf. Fig. 7c) where only the isoline 

with a total magnetic field strength of 0.23 Gauss is presented with a heavy dashed 

line). The average daily value was obtained by averaging all observed GCR single 

measurements for each full day. The data of 31 full days are used. 

The IRB (SAA) radiation source data in Table 1 were selected also by two 

requirements. The first is that the dose rate values have to be higher than 

20 μGy h−1. This cuts the GCR dose rates, which usually deposited smaller values. 
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The second requirement is the SD value has to be higher than 1.12 nGy cm2 

particle-1. According to Heffner's formulae (Heffner, 1971) this selects only 

depositions by protons excluding relativistic electrons and/or bremsstrahlung dose 

rates higher than 20 μGy h−1. The IRB data covered 31 full days. 

The ORB radiation source data in Table 1 were selected by: (i) the flux 

values to be higher than 7 cm−2 s−1, which cuts the low flux level in the GCR; (ii) 

the SD value to be less than 0.8 nGy cm2 particle−1. According to Heffner's 

formulae (Heffner, 1971) this selects only depositions by relativistic electrons 

and/or bremsstrahlung excluding proton depositions from GCR or IRB.  

The SEP radiation source data in Table 1 were selected by: (i) only data 

from 1 and 2 November 2014; (ii) in the Southern Hemisphere because here the 

ISS reached higher L values; (iii) dose rates to be higher than 40 μGy h−1 which 

excludes any GCR contaminations; (iv) SD values to be higher than 1.12 nGy cm2 

particle−1 excluding ORB contamination. 

The comparison of the averaged values obtained with the R3DR2 

instrument in October−November 2014 with analog R3DR values obtained in the 

March 2009−August 2010 time interval reveals the following results: (i) the GCR 

average daily dose rate of 75.43 μGy day−1 obtained during the EXPOSE-R2 

mission is lower than that measured on the EXPOSE-R mission (Dachev et al., 

2015a) of 81.4 μGy d−1 because a larger part of the EXPOSE-R mission was 

performed in the time of lower solar activity and respectively higher GCR flux. 

The higher EXPOSE-R2 mission orbit of about 420 km in comparison with the 

360 km orbit of EXPOSE-R mission does not play an important role because of 

small GCR altitudinal dependence. 

Comparison of R3DR2 L>4 GCR flux data with Oulu NM counts rate 

data 

Our first concern, starting to analyze the R3DR2 GCR data, was how well 

the data obtained in October−November 2014 follow the tendency of the GCR flux 

decrease in dependence of the solar activity increase of the 24th cycle. One possible 

way to answer this question was to compare the GCR “free space” data obtained by 

the RADOM instrument on the Chandrayaan-1 satellite in 2008 

(Dachev et al., 2011a) with the new 2014 R3DR2 GCR data obtained at L values 

bigger than 4 (McIlwain, 1961; Heynderickx et al., 1996). We choose a L>4 value 

because the knee in the GCR L-profile is at L=3.5 (Dachev et al., 2012a) and we 

may expect that all GCR radiation exposure values above L=4 are obtained in the 

open Earth magnetic field lines, i.e. in conditions very close to the free space. Also 

these GCR radiation environment data to be compared with the Oulu Neutron 

Monitor (NM) station count rates (http://cosmicrays.oulu.fi/). 

 

http://cosmicrays.oulu.fi/
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In Table 2 is summarized the available information and it is seen that the 

obtained average flux ratio between R3DR2 and RADOM data in 2014 and 2008 

(0.876) coincide relatively well with the Oulu NM count rate ratio (0.913) for 

similar periods in same years. The dose-rate ratio of 0.81 is not so close to the flux 

ratio but this can be expected for a stochastic process, which the dose deposition is. 

On Figure 3 is presented a comparison between the R3DR2 L>4 daily 

average flux and dose-rate data (lower panel) with the Oulu NM count rates data 

(upper panel) for the period 23 October−25 November. It could be seen that during 

the flight of the EXPOSE-R2, in October−November 2014, the averaged flux data 

per day varied in the interval of 1.5-3.75 cm−2 s−1, while the dose rate varied in the 

interval of 7-13 Gy h−1. The flux and dose rate variations are similar because 

according to formulae (1) they are in linear dependence. The R3DR2 flux and dose 

rate curves follow relatively well the Oulu NM curve, which give us the 

information that the L>4 data obtained by the R3DR2 GCR are representative. 

ORB daily variations. Comparison with GOES-15 data and planetary Ap 

index 

Relativistic electrons enhancements (REP) in the outer radiation belt are 

one of the major manifestations of space weather (Zheng et al., 2006; Wren, 2009; 

Zhao and Li, 2013) in low Earth orbit (LEO). We keep already long time 

experience in the REP observations on LEO satellites – Foton M2/M3 and ISS 

(Dachev et al., 2009, 2012b, 2013a). Our active REP observations in the ISS 

radiation environment were and are still unique (Dachev et al., 2009).  

 
Fig. 3. Comparison between the daily averaged R3DR2 L>4 flux and dose rate data 

(lower panel) with the Oulu Neutron Monitor (NM) count rates data (upper panel) 
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The new ISS data in October-November 2014 also contain 5,961,520 

counts by relativistic electrons (for more details look at the ORB row in Table 1). 

In panel “c” of Fig. 4 the daily variations of the ORB relativistic electron dose rates 

and fluxes observed by R3DR2 instrument are presented. They are compared with 

GOES-15 >2 MeV electron flux in panel “b” and planetary Ap index in panel “a”. 

The Ap index is defined as the earliest occurring maximum value for 24 h obtained 

by computing an eight-point running average of successive three-hour Ap indices 

during a geomagnetic storm event and is uniquely associated with the storm event 

(http://www.ngdc.noaa.gov/stp/geomag/kp_ap.html). All 3 panels are plotted 

against the time (date) between 24 October and 24 November 2014. 

As it was already noted, the geomagnetic field during the period of the ISS 

flight in October-November 2014 was at moderate levels with two “strong” and 

one “moderate” (http://www.swpc.noaa.gov/noaa-scales-explanation) geomagnetic 

storms on 4, 10 and 16 of November 2014. On Fig. 3 these storms are seen with 

maxima of the planetary Ap index reaching values of 21, 23 and 22 in the central 

part of panel “a” (ftp://ftp.swpc.noaa.gov/pub/warehouse/2014). 

 
Fig. 4. Daily variations of the ORB dose rates and fluxes (panel “c”) observed by 

R3DR2 instrument. They are compared with GOES-15 >2 MeV electron fluxes in panel 

“b” and planetary Ap index in panel “a”. 

http://www.ngdc.noaa.gov/stp/geomag/kp_ap.html
http://www.swpc.noaa.gov/noaa-scales-explanation
ftp://ftp.swpc.noaa.gov/pub/warehouse/2014
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According to our earlier experience with the analysis of the ORB daily 

variations on the EXPOSE-R mission (Dachev et al., 2015a; see Fig. 6) we 

expected to observe remarkable enhancements of the ORB daily flux and dose rate 

after each of the magnetic storm enhancements of the Ap index. Unfortunately the 

first two magnetic storms did not produce any remarkable maxima in both R3DR2 

and GOES 15 data. Only the third magnetic storm on 16 November 2014 produced 

a maxima of the average flux and daily dose rates of >2 MeV electron flux 

measured by the R3DR2 instrument and GOES-15.  

We have to underline that the general trends in the time profiles, obtained 

on ISS and GOES 15 flux data, match relatively well. The maxima of the 

relativistic electron flux were observed in the periods 24 October−5 November and 

15−24 November, while the minimum was in the period 5−15 November 2014. 

The ISS relativistic electron flux maximum on 18 November 2014 in Fig. 4 

was delayed by one day in comparison with the >2 MeV flux data from GOES-15 

and by two days in comparison with the Ap maximum. This is understandable, 

keeping in mind that there is necessary time for fulfilling of the whole magnetic 

field line (Zhao and Li, 2013). Our previous experience with the analysis of the 

R3DR instrument REP data in 2010 (Dachev et al., 2013; see Fig. 5); shows also 

delay of 2 days between Ap maximum on 5 April 2010 and the relativistic electrons 

flux maximum on 7 April 2010. 

The existence of large relativistic electron fluxes in the external radiation 

environment of the ISS during the October−November 2014 time period, once 

again confirms our previous findings that this radiation source permanently affects 

the ISS. That is why it is necessary to keep permanent measurements of the ORB 

dose rates and especially on the space suit during the ExtraVehicular Activity 

(EVA) of cosmonauts and astronauts. Under request from our colleagues from 

Institute of bio-medical problems of the Russian Academy of Science (RAS) we 

are developing a new Liulin-ISS-2 system (Dachev et al., 2015b), which will 

perform active measurements on the space suit of the Russian cosmonauts during 

EVA.  

SEP data presentation 

Small SEP event was observed in the period 1-7 November 2014. In panel 

“a” of Fig. 5 are presented the measured proton fluxes by the GOES 15 “Space 

Environment Monitor (SEM)" with energies >5, >10, and >30 MeV 

(http://goes.gsfc.nasa.gov/text/databook/section05.pdf). From panel “a” it is seen 

that the SEP began at about 13:00 UT on 1 November 2014. The maximum in the 

>30 MeV channel occurred on 3 November 2014 at about 22:00 UTC. The end was 

on 7 November 2014. No real enhancement in the GOES-15 proton flux with 

energies >100 MeV was observed (ftp://ftp.swpc.noaa.gov/pub/warehouse/2014). 

http://goes.gsfc.nasa.gov/text/databook/section05.pdf
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On Fig. 5 panels “b” and “c” show the dose rates and fluxes measured by 

the R3DR2 instrument for the same period as the GOES-15 data. In panel “c” 

except the dose rate in the lower part is presented the L value at which the 

measurements was made. Data for the panels “b” and “c” were separated under the 

requirements presented in the last row of Table 1 but dose rates to be more than 

10 Gy h−1. We choose this higher dose rate just to show the dynamics of the 

variations, keeping in mind that only the data with dose rates D>40 Gy h−1 

undoubtedly belong to the SEP data. 

Panels “b” and “c” of Fig. 5 represent the maxima generated when the ISS 

crosses the Southern Hemisphere from small L values across the maximum of 

about 6 and back to smaller L values. The main amount of data <20 Gy h−1 

belongs to the GCR source. The data in the interval 20−40 Gy h−1 contains mixed 

radiation by GCR, ORB, and SPE sources. The SEP data with dose rates 

D>40 Gy h−1 continue to be contaminated by ORB data and this is clearly seen in 

Fig. 6. We do not have an available procedure to separate them mainly because this 

is the nature of the radiation sources at these latitudes.  

Analysis of the different spectra shapes of the radiation sources  

On Fig. 6 are depicted different shapes of the energy deposited spectra 

obtained mainly by the R3DR2 instrument in October−November 2014. Only the 

spectra named “SEP, 2001”and “GCR; E-E” were obtained during the DOSMAP 

 
Fig. 5. Presentations of different spectra shapes obtained by the R3DR2 instrument in 

October−November 2014. (Table 2 presents detailed information for the different curves.) 
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and EXPOSE-E missions in 2001 and 2008-2009, respectively. The “SEP 2001” 

spectrum is presented to show that in the case of very low dose rates (12.1 Gy h−1) 

the SEP spectrum shape is similar to the “GCR; L>4” spectrum form. 

The “GCR; E-E” spectrum is presented to confirm that the EXPOSE-R2 

“GCR” spectrum has the same form but lies below the “GCR; E-E” because the 

solar activity in 2014 was larger than in 2008−2009 and respectively the GCR flux 

is smaller.  

Table 3 contains detailed information for the different spectra in Fig. 6. 

The individual spectra seen in Fig. 6 are obtained after averaging of various 

numbers of primary spectra (see column 2 of Table 3.) and are plotted in 

coordinates of Linear Energy Transfer (LET) in silicon (Si) (keV), per 

micron/deposited per channel dose rate. This allows a better understanding of the 

process of formation of the spectra and estimation of the deposited dose rates in the 

different deposited energy ranges (Dachev, 2009). The deposited dose rate, 

according to formulae (1), is the area between the abscissa and the curve of the 

deposited energy spectrum. The “GCR”, “IRB”, and “ORB” spectra are shown in 

Fig. 6 only to confirm the spectra shapes described by Dachev (2009) that is why 

we will not further analyze them.  

According to our current understanding the “GCR” and “GCR; E-E” 

spectra averaged over all latitudes are with quasy-linear falling shape in the 

coordinates deposited energy/deposited per channel dose rate. A more detailed look 

 
Fig. 6. Presentation of different spectra shapes obtained by the R3DR2 instrument in 

October−November 2014. (See Table 2 for more detailed information.) 
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on the shape shows 2 maxima. The first one is at about 0.9−1 keV −1, while the 

second one is at about 11−12 keV −1. This form of the spectra can be interpreted 

as superposition of 3 single maxima generated by H, He and heavier ions (Ca and 

O) (Dachev et al., 2013c; Zeitlin, 2014). 

Most-interesting and new for us is the spectrum seen in the middle of the 

figure (Fig. 6) named “SEP; 2014”. To explain the different parts of “SEP; 2014” 

spectrum we add 2 well known and expected spectra. First one is named “GCR; 

L>4”. Its shape in the range 0.1−1.5 keV −1 deposited energy is similar to the 

shape of the spectrum named “ORB” and this is reasonable because: (i) the nature 

of the radiation at these latitudes; (ii) problems, which we have, with the precise 

differentiation of the GCR and ORB sources in low dose range 5−30 µ −1. 

Further the shape of the “GCR, L>4” spectrum is similar to the two “GCR” and 

“GCR; E-E” spectra but elevated on the abscissa because of higher dose rates 

observed at higher latitudes, where the lower geomagnetic vertical cutoff rigidity 

(Shea and Smart, 2001) allows penetrating in the Earth magnetic field higher 

primary GCR fluxes. Secondly, an additional spectrum, which is the specially 

selected “IRB; D=45” spectrum with deposited dose rate and mean energy close to 

the “SEP; 2014” dose and energy (see Table 3). The low energy deposition part of 

this spectrum is similar to the “GCR” and “GCR; E-E” spectra, while the high 

energy part is similar to the “IRB” spectrum, which is generated mainly by protons. 

The shape of the “SEP; 2014” spectrum is reasonable because: (i) the low 

energy deposition part of it is similar to the “GCR; L>4” spectrum because at these 

deposited energies a mixed radiation of GCR and ORB particles is observed. Also 

the “SEP; 2014” spectrum is collected at the same high latitudes as the “GCR; 

L>4” spectrum; (ii) the high energy deposition part of this spectrum is similar to 

the “IRB; D=45” spectrum, which present low energy protons in the South-East 

part of the SAA. 

Global distributions of the dose rate and flux data 

Figures 7b and 7c present the averaged contour view of the R3DR2 flux 

and dose rate global distribution obtained outside the ISS in the period 

23−30 October 2014 with 10-s resolutions. In Figure 7a they are compared with the 

predicted proton fluxes above 100 MeV and electron fluxes above 4 MeV at an 

altitude of 420 km by the AP/AE-8 MAX models (http://www.spenvis.oma.be/); 

Vette, 1991).  

In Figure 7b, except the world map of the flux, the isolines of the L value 

(McIlwain, 1961; Heynderickx et al., 1996) for the 2015 epoch at the altitude of the 

ISS are also presented with dashed magenta lines for L values 1.7 and 2.1. The L=4 

isoline is presented with a heavy line. It is seen that the lines of equal fluxes in the 

north and south high latitude regions follow well the L-shell isolines as expected.  

In Figure 7c, except the global map of the dose rate, the isoline of 0.23 

Gauss of the total Earth magnetic field strength B for the 2015 epoch at the altitude 

of the ISS are also presented with a dashed black line. It is seen that this line 

http://www.spenvis.oma.be/
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separates well the area of the SAA, populated with IRB protons with energies 

between 30−500 MeV from the GCR region around it. 

On Figure 7b and 7c the areas outside the SAA region present the averaged 

GCR flux and dose rate distribution, forming a wide minimum close to the 

magnetic equator and rise toward the higher latitudes in both hemispheres. 

The observed flux maximum at L=4.4 shows the position and shape of the ORB 

maximum, which is distributed wider in longitude than the AE8 MAX predictions. 

The absolute maxima of the R3DR2 ORB data are at latitudes above 45° in both 

hemispheres. Their coordinates in longitude are 70 °E in the Southern Hemisphere 

and 80 °W in the Northern Hemisphere. These coordinates coincide well with the 

AE8 MAX predictions. The comparison of the averaged flux values inside the 

ORB maxima shows that the predicted model values are in the range 

150−300 cm−2 s−1, while the measured ones are 140 cm−2 s−1 in the Southern 

Hemisphere and 193 cm−2 s−1 in the Northern Hemisphere. 

Recent electron flux data in the 0.5−0.6 MeV and 0.8−1.0 MeV energy 

range, measured by the energetic particle telescope (EPT) from 29 May 2013 to 

20 August 2013 onboard the PROBA-V spacecraft (Cyamukungu et al., 2014; 

Pierrard et al., 2014) shows well seen global maxima in both hemispheres with a 

 
Fig. 7. Figures 7b and 7c present the global distribution of the R3DR2 flux and dose rate 

data for the period 23−30 October 2014, which are compared with the predicted ones by 

the AP-8/AE-8 MAX models proton fluxes above 100 MeV and electron fluxes above 5 

MeV in Figure 3a. 
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tendency that the Sothern Hemisphere maximum is separated at two parts for the 

higher energy. The position of the largest electron flux in the 0.8−1.0 MeV energy 

range of EPT data coincide well with the absolute R3DR2 maximum with 

coordinates 45°E−80°E, 47°S−50°S (http://space-env.esa.int/index.php/esa-estec-

space-environment-tec-ees/articles/EPT_first_results.html). The ORB maximum 

observed by EPT in the high Northern latitudes also coincides well with our data. 

The external oval of the SAA R3DR2 data in Fig. 7b and the one predicted 

by the AP-8 MAX model in Fig. 7a are very similar and this verifies well our data. 

We average the coordinates of 373 measurements of the absorbed dose with values 

more than 2000 μGy h−1 and obtain that the R3DR2 SAA maximum is situated at 

(50.5°W, 31.2°S) at an average altitude of 421 km. 547 measurements of the more 

than 200 cm−2 s−1 flux rate gives the average SAA maximum flux coordinates at 

(51.9°W, 30.0°S). The SAA maximum occurs mainly at the ascending orbits. Only 

17 dose rate points of 373 were found at descending orbits. This is in accordance 

with our previous findings (Dachev et al., 2011b). The explanation is that the 

R3DR2 instrument is mounted on the left-hand side of Zvezda module, against the 

ISS vector velocity is situated to receive larger amounts of westward drifting 

protons in the maximum of the SAA on the ascending orbits when the ISS is in the 

usual XVV attitude (http://spaceflight.nasa.gov/station/flash/iss_attitude.html).  

The geographic coordinates of the SAA maximum are influenced by the 

secular drift of the geomagnetic field (Fraser-Smith, 1987), which leads to a 

movement of the SAA maximum in the North-West direction. The calculated 

yearly rate of the SAA flux maximum westward secular drift (Wilson et al., 2006) 

is 0.3° per year, that is why the calculated 2014 position is 44 (years)*0.3°=13.2° 

than the calculated SAA flux maximum position is at 48.2°W, which is by 3.7° less 

than measured with the R3DR2 flux maximum position. The drift rate calculated 

by us is 0.384° per year, which is in good agreement of the average value of 0.45° 

per year obtained for the minimum of the solar activity (Qin at al., 2014). 

The EPT (Cyamukungu et al., 2014; Pierrard et al., 2014) SAA 90-126 

MeV maximum at 820 km altitude can be visually estimated to be at coordinates 

(55°W, 25°S), which is even more westward than our result. The smaller 

southward latitude of the SAA maximum in PROBA-V spacecraft data is 

reasonable because these data are obtained at altitudes around 800 km 

(Ginet et al., 2008). Qin at al., (2014) also reported that the longitudinal position of 

the SAA maximum was at 53°W in 2010 for >16 MeV proton flux data obtained 

with an upgraded version of the Space Environment Monitor (SEM 2) (Evans and 

Greer, 2000) at 800 km altitude by the NOAA-15 satellite. 

http://space-env.esa.int/index.php/esa-estec-space-environment-tec-ees/articles/EPT_first_results.html
http://space-env.esa.int/index.php/esa-estec-space-environment-tec-ees/articles/EPT_first_results.html
http://spaceflight.nasa.gov/station/flash/iss_attitude.html
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Global distributions of the specific dose (SD) data  

Figure 8b presents the global distribution of the SD data, which was 

previously shown in the pink triangle in Fig. 2. The black heavy dashed line 

presents the isoline of 0.23 Gauss of the total Earth magnetic field strength, which 

separates the SAA region. It is seen that the calculated SD values in the 

North-West part of the SAA have values of 1.12 to 2 nGy cm2 particle−1, which 

according to the Heffner’s formula (Heffner, 1971; Dachev, 2009) correspond to 

proton energy in the range of 200−47 MeV. In the South-East part of the SAA 

region a well-defined maximum is formed. The average SD value in the maximum 

is 4.8 nGy cm2 particle−1, which correspond to proton energy at the detector of 

13.8 MeV. We suppose that the R3DR2 maximum in SD is formed because of a 

local maximum in the low energy proton flux, that is why we try to find a 

confirmation of this idea, preparing Fig. 8a, which presents the proton fluxes above 

1.0 MeV energy predicted by AP8 MAX (http://www.spenvis.oma.be/); (Vette, 

1991). In contrast to the usual higher energies SAA maximum, two separated 

maxima are seen: (i) at 5° eastward from the regular position of the SAA and (ii) in 

the South-Eastern part of it, which extends in the range 0°E−30°E longitude. The 

form of the AP8 MAX maximum is similar to the form of the R3DR2 maximum in 

SD, but it is about 30° more towards East than the position of the maximum in 

Fig. 8b.  

The centrum of the AP8 MAX 1 MeV maximum in the South-East part of 

the SAA region in 1970 can be estimated at (15°E, 43°S). The calculated yearly 

rate of the SAA maximum westward drift is 0.3° per year (Wilson et al., 2006). 

 
Fig. 8b presents the global distribution of the R3DR2 dose rate to the flux ratio or 

the specific dose. Data are compared with the world map of the 1 MeV energy 

proton flux predicted by the AP8 MAX model at 420 km altitude in Fig. 8a. 

http://www.spenvis.oma.be/
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Then the calculated position for 2014 in longitude is 44 (years)*0.3°=13.2°. In 

total, this is giving 15°-13.2°=1.8°, which is about 18° less than necessary to 

coincide with the R3DR2 maximum in SD. The reported by cellular westward drift 

rate is dependent by the solar activity (Qin at al., 2014). 

On the other hand the geographic distribution of the protons with energies 

1−5 MeV measured by the Coronas-F satellite in 2001 show the second maximum 

at coordinates (6°E, 48°S), which is much closer to the center of the SD maximum 

in Fig. 8b at (13°W, 38°S) (Kuznetsov et al., 2008; 2010). 

On Fig. 9 are presented the longitudinal profiles of the flux, SD and proton 

energy at the surface of the detector R3DR2 for the latitude range between 35°S 

and 30°S. To avoid bifurcation of the data only the ascending orbits data are 

presented. The two trendlines of SD and energy are calculated for six orders 

polynoms. They are shown only with an illustrative purpose; that is why we do not 

present the formulas of the polynoms. 

It is seen that the absolute flux maximum is at about 52°W longitude where 

the position of the SAA maximum is. A secondary not very well formed proton 

flux maximum is seen in the longitude range of about 10°W−10°E. In the same 

range the maximum of SD is formed and the minimum of the calculated proton 

energy, respectively.  

The proton energy at the surface of the detector is calculated from the SD 

value using the Heffner formula (Heffner, 1971; Dachev, 2009). The average SD 

value for the whole Fig. 9 of 3.6 nGy cm2 particle−1 corresponds to 24 MeV 

protons energy at the surface of the detector. The smallest value of SD of 

1.57 nGy cm2 particle−1 corresponds to protons with energy of 69 MeV. The largest 

SD value, seen in Fig. 9 of 7 nGy cm2 particle−1 corresponds to 9 MeV protons 

energy at the surface of the detector.  
 

 

 
Fig. 9. Longitudinal profiles of the flux, SD, and proton energy for the latitude 

range between 35°S and 30°S. 
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Conclusions  

This article analyses the results for the ISS radiation environment obtained 

by the R3DR2 instrument inside the EXPOSE-R2 facility, generated by different 

radiation sources, including: galactic cosmic rays (GCRs), inner radiation belt 

(IRB) trapped protons in the region of the South Atlantic Anomaly (SAA), outer 

radiation belt (ORB) relativistic electrons, and Solar Energetic Protons (SEP). The 

first month (24 October−25 November 2014) of the EXPOSE-R2 active data 

collection mission is covered. 

The comparison of the values obtained with the R3DR2 instrument in 

October−November 2014 with analog R3DR values in the period of 2009−2010 

reveal the following results: (i) the GCR average daily dose rate obtained during 

the EXPOSE-R2 mission is lower than that measured one on the EXPOSE-R 

mission (Dachev et al., 2015c) because a larger part of the EXPOSE-R mission was 

performed in the time of lower solar activity and higher GCR flux, respectively; (ii) 

the IRB average daily dose rate of 598 μGy d−1 obtained during the EXPOSE-R2 

mission is higher than that measured during the EXPOSE-R mission 

(Dachev et al., 2015c) of 506 μGy d−1 because the EXPOSE-R2 mission orbit was 

about 60 km higher than the EXPOSE-R mission (360 km); (iii) the ORB average 

daily dose rate of 63 μGy day−1 obtained during the EXPOSE-R2 mission is lower 

than that measured during the EXPOSE-R mission (Dachev et al., 2015c) of 

89 μGy d−1 because the EXPOSE-R mission took place during the second largest 

relativistic electrons precipitation (REP) event in GOES history in the period 

7 April−7 May 2010 (Dachev et al., 2013a), when the highest observed values of 

2,347 mGy d−1 occurred in the R3DR data on 7 April 2010. 

For the first time in the history of using of the Liulin-type energy 

deposition spectrometers (Dachev et al., 2015b) a flux from solar energetic 

particles (SEP) in the period 1−4 November 2014 were detected; (3) the SEP 

energy deposition spectra were compared with other well-known spectra and 

confirmed the SEP spectra shape. 

The dynamics of the ORB doses measured for the first month of the 

EXPOSE-R2-mission periods confirm conclusions made by Dachev et al. (2013) 

that the ORB relativistic electrons are common on the ISS. Although the obtained 

doses do not pose extreme risks for the astronauts being on EVA, they have to be 

considered as a permanently present source, which requires additional 

comprehensive investigations. 
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РАДИАЦИОННАТА ОБСТАНОВКА НА МЕЖДУНАРОДНАТА 

КОСМИЧЕСКА СТАНЦИЯ (МКС), КАКТО СЕ НАБЛЮДАВА ОТ 

ПРИБОРА R3DR2 ПРЕЗ ОКТОМВРИ-НОЕМВРИ 2014 

 
Цв. Дачев, Б. Toмов, Ю. Матвийчук, Пл. Димитров,  

Н. Банков, Д.-П. Хедер, Г. Хорнек, Г. Райтц 

 
Резюме 

Космическата йонизираща радиация е изследвана с помощта на 

спектрометъра-дозиметъра R3DR2 по време на неговият полет извън руския 

модул "Звезда" на МКС през октомври-ноември 2014 г. Приборът е монтиран 

на платформата на ESA EXPOSE-R2. Приборът R3DR2 е разработен и 

използван за първи път по време на полета на платформата на ESA EXPOSE-

R през 2009-2010 г. (Dachev et al., 2015a). Той е автоматизирано устройство с 

малко тегло и размер, което измерва видимата слънчева и ултравиолетова 

(UV) радиация в четири канала и йонизиращото лъчение в 256 канала със 

спектрометър на депозираната енергия от типа „Люлин“ (Dachev et al., 2002). 

Основните резултати, получени от работата на R3DR2 са: 

(1) открити са и са характеризирани количествено три различни 

източници на радиация - галактически космически лъчи (GCR), енергични 

протони от вътрешния радиационен пояс- (IRB) в района на Южно-

атлантическата аномалия и енергични електрони от външния радиационен 

пояс (ORB); 

(2) за първи път в историята на използването на спектрометри от тепа 

„Люлин“ (Dachev et al., 2015a) е наблюдаван поток от слънчеви енергийни 

частици (SEP) в периода 1-4 ноември 2014;  

(3) получените спектри на депозираната енергия са сравнени с други 

спектри и е потвърдена тяхната форма. 


